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1 . lMauoUCIloh 


{ , The convective atora playa an laporunt role 

m acroae aaoy acalea in meteorology. For example, 
"m convective atora* arc laportanl contributor* to 
*“ the total energy kudget ol the global circulation 
a* well a* suouaurtlae tropical region* through 
r— Their relea** of latent heat, radiatlonal 
r propertla*, and convective cluster acale up 
N aolst/uown dry vertical circulation* they Induce 
.3 (Cray, 197J; Foltz and Cray, 197*). Locally, the 
convective atom lie* at the heart of many 
weather 'related event* that affect everyday life. 
During the spring and summer aontha, tornaooe*, 
flash flood*, dewnoursts and severe thunderstorm* 
pose serious threat* to Ilf* and property 

throughout the United State*. Chile the aore 
notorious cl such event* receive Nation wide acdla 
coverage, the greatest weather-related Killer In 
the United State* Is lightning troa the everyday 
thunderstorm. That same ‘ordinary* thunderstorm 
can ree* havoc In the construction Industry while 
at the saae tlae provide much needed water for 
agricultural purposes. In the above aentloned 
local areas, aore precise very-short-range 

forecasting {often tensed nowcasting (browning, 
196i;| Is badly needed. before accurate and 
precite local forecasting becomes a reality, an 
laproveaent In our understanding of convective 
atora genesis and development la required. 

Understanding the forces that control the 
development aud evolution of deep convection Is 
on* of .he aost Important and ch'ilenglng problems 
In ae.corology today. It remains one of the aost 
e.usive problems to date even though various 
atpect.i o* It have been vigorously Investigated 
over the past quarter century. It is generally 
agreed that Che development of a convective storm 
or atora array depends on the Interaction of 
aeteorologlcal fields ranging from the synoptic 
scale cyclone down to the cloud condensation 
nuclei (Llllv, 1977). however, little Is known 
about why t pirtlcular storm forms and develops 
the way it does, or why a convective array behaves 
In a particular aannor. Thla 1* especially true 
for scorms that form under weak synoptic scale 
forcing. Host of the available Information about 
convective storm development and 1 itenslf icatloo 
Is focused on either the large acale conditions 
favorable for convective development (beeb* and 
bates, 19SS; HI liar, 1972), or the Individual 
convective atom (Byers and arahaa, 19e9; 
Browning, 19td; Newton, 1961; Fankhauaer, 1971, 


19/b; brand*!, 197b). A* was pointed out a decade 
ago by blapson and Dennis (197e), aore is known 
about synoptic scale conditions favorable tor 
convective development and cloud alcrophysic* than 
f* known about the aeaoacale, which remains both 
poorly measured and poorly understood. That this 
problem still exists In 19b4 can be readily 
verified - better understanding of aeaoacale 
convective phenomena Is one of the cornerstones In 
the planning of the National STUkM Program 
(dlpser, 19o«): 

‘It 1* on the atormscale (or 
‘aesoscale* *.o meteorologists) that the 
weather of greatest significance Is 
actually experienced. It is aesoscale 
phenomena which Bust be understood ..." 

That lack of Information on the Intermediate 
scale; the interaction between convective clouds 
and their aesoscale environment, has been mainly 
due to a gap lo aeteorologlcal observing 
capability In the days prior to the high 
resolution geostationary satellite (Furdom, i97b). 

Prior to satellites, aetcorologl sts were 
forced to aaxe Inference* about the aesoscale from 
macroscale patterns. however, significant 

advances In that area have been made using data 
available from geostationary satellites. Tne 
sections that follow will show how satellite data 
can be used to Improve our insight Into the 
aesoscale behavior of the atmosphere. This in 
turn leads to a better understanding of the 
aesoscale process that lead to convective storm 
development . 

2. APPLICABILITY or SATELLITE data 
2.1. Visible and Infrared Imagery 


From the earliest days of aeteorology, the 
Importance of clouds lo defining the state of tne 
ataosphere has been recognised. A* pointed out In 
the Handbook of Meteorology section on "Clouds and 
btates of theTky" l bchereschewsky , 19A5): 

Clouds have been observed and 
used tor short-period weather 
forecasting from time Immemorial • • 

Clouds sre now considered essential and 
accurate tool* for weather forecasting. 
kvery feature of the air masses 
(discontinuity, subsidence, instability 
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and stability, ate.) Is reflected by tin 
snap* , tsouot, ami structure ut to* 
cloud*. T (>• * clos* scrutiny ot cloud* 
will assist th« analyst In Identifying 
ami analysing air assess . 

frua Its inception, tn* laportaoc* ot cl^ud 
laagery tn the aeteurologlca 1 satellite program 
lias been racognliad (Mllog, 1»02). With the 
launch of Tl*u»-1 on April 1, 19bu, cloud 

laagery true apace betas* available. In the 
decades following tn* launch ot Tlmub-1 
significant strides forward were Bade In synoptic 
scale weather Interpretation. This was In large 
part due to the routluc global cloud observations 
the satellite provided. As laagery from polar 
orbiting satellites helped advance our 
understanding of synoptic scale phenomeua, laagery 
f ran geostationary satellites Is helping advance 
our understanding of aesoscale phenomena. Why' 
Wul te elBply, prior to the geostationary satellt* 
the aesoscale was a "data sparse* region, and 
a* teorolog 1 sts were forced to Base Inferences 
about mtsoecal* phenomena froa aacrosca le 
observations. With COES laagery, features that 
are Infrequently detected at flsed observing sites 
are routinely observed. 

With Cutb data, a ‘reporting station' exists 
every 1 xm using the Inf oraatlon In visible dais, 
and every a Xm with Infrared data. The clouds and 
cloud pattern* In a saielll te Image aay be thought 
ol as a vl suall ration ol aesoscale aeteorologlcal 


processes. when that imagery Is viewed In 
aniaatlon, the aoveaent, orientation and 
development of laportant aesoscale features can be 
observed, adding a new dimension to aesoscale 
reasoning. Furthermore, animation provides 


observations of convective behavior at temporal 
and spatial resolutions compatible with the acale 
ot the mechanisms responsible for triggering deep 
sod iotense convective atoms. 

2.2. Sounding data 

Satellite sounding data’s applicability tor 
use In eieeoacal* tin. frame applications is 
currently the subject of Intense Investigation. 
Considerable effort has been expended comparing 
Individual satalllte soundings witn those froa 
rawlnsonde. For aesoscale applications, that 
might aot be a aeanlngtul approach to the problea. 
Ihc two date act* are Inherently different - each 
has Its strength* and weaknesses. f-om 

rawlnaoodes we have 90 minute* of poiot 
observations (as the balloon rises) wl k h high 
vr -tlcal resolution, poor spatial resolution, each 
VO aloutc point observation set Is taken by a 
different sensor, and sets of observations are 
taken at 12 hourly Intervals (over the United 
States). Ooswell and Lemon (1V79) looked In 
detail at certain ataospheric parameter’s 
Importance In severe atom development. The major 
problea they encountered: the leek of resolution 

in the operational sounding data base (radiosonde 
apaclog Is approximately 4UU km at 12 hr 
Intervals) relative to the alxe of the phenomena 
being predicted. Froa UOLS-VAb sounding data we 
have near Instantaneous observations through a 
column In the ataosphere, moderate vertical 
resolution, hlg.i spatial resolution (In the 
absence ol clouds), and one uniformly calibrated 
aensor making all of the aeasur aments . With OOES- 
VAS, sounding data may be taken over an area the 
alxe of the United states at hourly Interval*. 


For many uesoecal* eppll cat Ions , It Is the 
gradleot ol atmospnerlc parameter* and trial r 
changes In time that are Important. This 1* on* 
area where the new observational data froa VAS, In 
toaolnatlon with other data sources, should help 
lead to a better understanding ot aesoscale 
atmospnerlc processes. 

3. Th L lhFoklA.NCt uf UlFFlkthTlAL lit AT Ihc 

An Interesting, observation concerning local 
trigger aechaoltms for convective development Is 
th* strong Influence exerted by differential 
heallug. Tha land-tea breet* It a well understood 
differential heating phenomena that It routinely 
observed In satellite laagery. Another, that 
surely would have gone unnoticed without 
geostationary satellite Imagery, le th* effect of 
early morning cloud cover on afternoon 

thunderstorm development. Arc cloud lines, tn* 
driving force for deep convection over the 

southeast United btales In summertime, represent 
soother trigger mechanism due to dlliercntlei 
he/) ting - produced very quickly by rein-cooled 
al 2 • 

Whan ualng aatellit* Imagery for meaoacale 
applications and applying image analysis coucept* 
to phenomena auch ag those meotlooed above, and to 
be addressed in the sections to follow, one must 
realise what they rapraaent • That la, the setting 
up ol local convergence tone* that arc generated 
due to dlliereotlal hasting. Other properties of 
the slaotphere help determine the ef tectlveness ot 
thoec local mecnsalamr lo their ability to 
generate new deep convection. They Include 
instability, large acale dynamics, and the 
trajectory of the low level air with respect to 
the coovergence zooe ( imounv of time an air parcel 
will experience vertical motion lo the local 
forcing region). 

*. SLA, LAkl AND klVlk iktLZcS 

Although convective cloud development due to 
terrain Influences may often be very complicated, 
when viewed with hi gh-reaolut I on visible UOLb 
laagery, many of the cloud patterns are easier to 
understand. This la because the 1 km resolution 
ot the Imagery la close to the ccoulut cloud 
scale, and the frequent Interval oetween pictures 
allows one to observe convective development from 
Its earliest etages through maturity. 

The land-tea breeze, a consequence ol 
differential heating between land and adjacent 
water, hs* been one ot the most widely studied of 
any terrain phenomena (baurwitz, 19*7; tstoque, 
19b2; Flelke, 1974, 197a). Those authors point 
out a variety ol factors that influence the 
development of th* laod-se* Orceze. Among those 
factors are: 1} the shape of the coast line; 2) 

the direction and strength of the gradleot wind; 
3) friction; 4) th* Corlolla affect; i) the 
stability ot the air mass; and b) the land and 
water temperature difference. Item* s-b will not 
Oe discussed here although oue should realize the 
ap illcablllty of Infrared data to Item b and the 
potential of VAS souodl og data to Item i. 

Llfterenl curvature* lo a emit line cause 
area* of convergence or dive 'eoce along the land- 
sea breeze front, thus edlng to a local 
etreog. henl ng or weakening ot cumulu* activity 
along that front. As la pointed out by Flelke 
(1974), ‘Local maxima lo vertical motion tons In 
region* where the curvature of the coast line 



icciii(u<tii the horlit>ottl convergence created by 
the differential heating between land rod water." 
Add tioually, a email panlnaula la generally an 
area ol earlier atrong convactlva development 
along t “"a land-aaa braaia (root bacauaa the 
biaaiaa lonaad along oppoelng ahoraa urge naar 
tha penlneula'e cantar. Flgurea 1, 2 and 3 ara 
exaapiea oi aarly to mld-ef terooon convection 
aaaoclatat with tha land-aaa braaia raglaa ovar 
tha Florida panlnaula. Notice In thoaa ilguraa 
tha cnhancad convactlon along tha land-aaa braara 
Irontal aona aa wall at tha pronounced ciaaring 
oft aliora. Tha affact oi coaat llna curvatura la 
•oat aaally aaan In tha Gemini photograph 
(llgura If. In that flgura ootlca tha atrongar 
convactlon In tha Capa Canavaral panlnaula region 
along Florlda'a aaat coaat aa wall aa tha atrongar 
Inland pauatratlon of tha land-aaa brneta'a 
convactlon immediately aouth of tha Capa- Tha 
atfact of tha gradlant wlnd'a flow on tha land-aaa 
braara location la alao apparant In flgura 1. Aa 
ooa looke north Iron Capa Canavaral tha land-aaa 
braara convactlon la obaarvad t'l become 

cootluuoualy cloaar to tha aaat coaat. Thla la 
bacauaa tha rldga of tha be nauda high llaa aaat to 
waat acroaa cantral Florida and to Ita north tna 
gradlant wind atrangthana in oppoaitlon to tha 
inland pauatratlon of the aaat coaat land-aaa 
braara . 

Convective devtlopaenl due to land and water 
interfacee alao occura regularly around lakea 
(Lyona, l»bo>. The factora influencing convective 
development ara the aame aa thoaa for the land-aaa 
braara. however, tna low-level wind field become a 
lncreaalngly Important tna aaaller the lake with 
which one la dealing' figure* 2, 3 and d all are 
good axamplea of lake eiiecta on aummertlme 
convective development. bach alao anowa the 
effect of the gradient wind on tha development of 
convection due to the lake breere. In figure 2, a 
light low level aoutherly flow help* generate a 
anall area of clearing downwind from Lake 

Okeechobee Id aouth central Florida. Notice In 
flgura 3 that a Barked clearing aatenda weatward 
from Cake Okeechobee: tnla la Indicative ot a 

atrong low level aaatarly flow, buch downwind 
ciaaring from lakat, with enhanced convactlon 
bordering the clear region, 1* a common occurrence 
that la routinely obeerved with COLb Imagery. 
Figure A ahowa tha convective regime around tha 
Graat Cakea under a condition of north by 
northweeterly flow. Notice the lake hreeae 
convactlon la cloae to the ahorc linaa on tha 
windward aldaa of the lakea and haa a further 
Inland penetration to their lee. One might 
envlalon frictional influenced helping the Inland 
penetration of the lake breere convection along 
tna eaatarn a tore of Cake Michigan aa well aa tha 
poeltlonlng ot the convective line along the 
eaatarn ahore of tha bruca panlnaula which 
aeparatea Lake Huron from Georgian bay In aouthern 
Ontario. 

While the effacta of oceana, lakea and even 
Cltlea (Changnon, 197b) on convective development 
have received conalderable attention, relatively 
little work haa bean dona concerning the af facta 
of rlvera and river baalna on convective 

development. CObS Imagery haa a town that rlvera 
and river baalna at certain tlmee exert a 

conalderable Influence on convective development. 
Tha influerce haa been moat noticeable when the 
low-level wlnda were either nearly calm (generally 
lea* than 1 aa ) or blowing parallel to the river 
i.aeln. The affect of a river on convective 



Fig. 1. Gemini photograph of Florida on 
22 Auguet I9b3 at 1331 -CKI . 



Fig. 2. CObb-baet 1 km vlalble image, 
23 June 197e at 1730 G MI. 



Fig. 3. GObS- beat 1 km vlalble image, 
21 July 1900 at 2130 GMT. 
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Fig. 4. btsarrt lac DHbP photograph of convection 
around the Great Lae**. 


development can na aaeo la flgura 1, where tha St. 
Johna rlvar'a influence on convactiva davalopaant 
can be lean aa a Mandarine north to vouth line o! 
clear axles In northaaat Florida. 

>. I ml. Uriel or LAXLY MJg*lNG CLOUD covtt 

5.1. Weak aynoptlc forcing 

Purdoa and Gurka (1974) dl acuaaed the at facta 
of early aorning cloud cover on afternoon 
thundaratura davalopaant under condition* of w*ax 
aynoptlc acala forcing. The altuatlon wae llkanad 
to that of the land-aea breexe, with the flrat 
ahovera f oral tig In the clear region near the 
boundary of the early aorning cloud cover - a aort 
of cloud-breex* front. Additionally, they found 
the alower beating rata In the early cloudy area* 
helped Leap thoae regiona fraa froa convection for 
Boat of the day. Figure 5 1* a good example of 
thla phanoaiBon. 


Fig. 5. COLS- beat 1 ka vlelble laagaa, 

27 Hay 1977 at 153u and 1930 GHT. Convactiva 
davalopaant over Alabama due to early aorning 
cloud cover. Tbeae laagaa a how the affect early 
cloud cover can have on afternoon thunder* tons 
davalopaant. Note that tha early clear region In 
aouthwaat Alt-bama become* filled with atrong 
convection durii^ tna day, while tha early cloud 
ragloo over tba remainder of tha atate evolve* 
Into aoatly clear akiaa. Aleo notice bow the 
a tronget t activity later In tha day develop* In 
the 'notch* of tha clear region In aouth central 
Alabama, aa on* might expect from merging cloud 
breexa front*. 


While tna affect of early cloud cover My 
moat aaally b* thougnt of a* a alapl* differential 
neating Mchaaiam, for meaoacal* application* our 
reaaoning auat extend beyond that point. Unlike 

the land aaa breexa xegiM, the character of the 
cloud field la conateotly changing: thla can 

effect the development of iMtability aloe* 
varying amount* of iMolatloo will lead to 
difference* lo heating aod mixing over the land 
area . 

5.2 . Strong aynoptlc forcing 

tarly aorning cloud cover can alao play an 
laportaot rol* in helping eat the atage for 
lotene* convection under condition* of atrong 
aynoptlc acala forcing* Purdoa and Weavar (19N2) 
allowed the Importance of Maoacal* boundary 
Interaction* lo focuelng tornado activity In the 
mad Liver Valley area on April 1U, 1979. Figure 6 
ahow* the location of oh ol the Maoacal* frontal 
boundarlaa that helped focua that activity. The 

Boat probable cauae of that aeeo-front waa 
differential heating due to the cloudy (atratua) 
region to lta aaet veraua the clear area to Ita 
weat. The aechanlam which led to the development 
of the meeo-f root , and aubaaquant focuelng of 
tornadlc activity, alao played an Important rol* 
lo tha development of inatablllty In the warm 



Fig. ba . GOLS-Laat 1 km vlalbl* image, 
lu April 1979 at 212b GHT. 



Fig. bb. Anal ya la of algnlflcant feature* aod 
cloud pattern* froa Fig. ba. 




sector. A* tha masoscal* frontal boundary moved 
iuimM, mostly clitr ulii developed la th« vara 
sector between tha boundary and the stratiform 
ovarcaat to Ita east. Uurlni that period abllaoa 
(Ail) bacaaa claar while ktaphanvllla (BfcP) 
maintained Ita cloud covar. An aaalyaia of 

aurfaca static energy (Uarkow, I960) pointed to 
atrong potaatlal Instability at both Akl and ktF 
(Purdoa and weaver, 1961). however, tin* aarlaa 
ol horlaontal croaa aactlona I roa aaaoacala 
rswlnsood* data showed a marked dacraaaa la tha 
aaount of negative buoyant anargy at Akl and only 
a alight dacraaaa at Uf: thaaa changaa ara 

ralatad to changaa In cloud covar. Low laval air, 
alallar In charactar to that naar Abl fad tha 

tornadlc atora system, allowing fntanaa 
thunderstorms to develop. 

Ualng a nuaarlcal boundary layar nodal, 
tk-hldar and collaaguaa (hcMldar, at al, 1964) 
amamlnsd a caaa In which aarly cloud covar playad 
an Inportant rola In tha ganaratlon of a squall 

llna whan aynoptlc acala forcing waa present. 

Thay found ahadlng dua to cloud covar to b* 
fuo Sam nt ally laportant In tha formation of a 
local barocllaic aona and tha davalopnant of low 
laval convarganca. 

Thua wa aaa that tha affact of aarly morning 
cloud covar can ba complicated ludaad. It can act 
to aat up a barocllaic aono (or rcinforca an 
*ki sting on* ) through dlffarantlal heating. At 
tha aaa* tlaa, It can affact tha local 
daatabl Illation of an alrmaaa: a) it aklaa claar 
too quickly, nolatura nay ba misad to graat depth* 
making tha raglon unaul table for aupportlng atrong 
nolat convection, b) if tha araa ramalna cloudy, 
thundaratorm* moving into tha ragloo might 
dlaalpata or waakao conalderably dua to tha 
nagatlvaly buoyant low laval air; c) it tha araa 
claara an hour or two prior to thundaratorm* 
moving Into it, aufficiant heating and mining at 
low lavala may have occurred, priming the local 
air maaa to eupport eiploaive convection. Us* of 
VAb aoundlug channel data should aid in the 
assessment ot tha convective potential of auch 
altuatlons for meaoscale forecasting. 

b. TtUJhDLiLSTUkM OUTFLOW 

6.1. Arc cloud llnaa 

A number of works have addreaead the 
thundaratorm and various phenomena aaaoclatad with 
It. Among tha earliest to address tha outflow 
phenomena was Cspy (1841). In his book The 
Philosophy of Storms , ha spoke of tha outflowing 
cool winds - Form storm* at tlmas being observed at 
a considerable distance from tha storm. Latar 
buapnrays t IV 1 k » pointed out tha importance of 
evaporation of raindrop* In tha production of tba 
Storm'a downdraft aod subsequent cold outflow, 
hormand (19J6) used thermodynamic diagram* to a how 
tha Importance of both condensation and 

evaporation In allowing the thunderstorm system to 
gain kina tic anargy from both Its updraft aod 
downdraft. It Is important to not* that in that 
paper h* also pointed out the need for 'work dope 
by outsld* forces* to rsisa s parcel to a laval 
where buoyancy forces alone could act to causa 
upward notion, While earlier works such ss those 
mentioned above war* Important In laying a 
conceptual foundation for understanding tha 

thunderstorm, the first ln-d*pth study of that 
phenomena took place In Florida In 194b and Ohio 
In 1947 with the Thundaratorm Project (byers A 
Braham, 1949). In addraasing outflow, thay noted 


that the cold air outflow from a atom could covar 
an are# larger than the storm, and that new call 
davalopnant (with an aggragat* of calls making up 
a thundaratorm* may occur In tha vicinity ot old 
calls whose outflow* collide. 

Luring the Initial dacad* following the 
thunderstorm project, detailed analyse* ot 
masoscsl* system* associated with thundaretoma 
a tiu w* a a sharp pressure rls* accompanying the 
syatams arrival (Fujita, 1933, Fujlta and brown, 
1910). Other phenomena noted with tha passage ol 
such systems wars s wind shift that was often 
accompanied by an increase In wind speed , a 
comparators decree**, and In many Inatanca* 
rainfall. Whi*e It was generally recognised that 
evaporation of precipitation was an important 
factor in tha production of the higher pressure 
aod sharp pressure ns* associated with auch 
system*, It was Fujlta (1919) who first 
quantltstlvsly Investigated that production. he 
snowed that evaporation of raindrop* In tha 
downdraft was responsible for the development of a 
cold don* ot air beneath the thunderstorm and the 
resultant masoscal* high pressure system- At tha 
leading edge ot thl* 'mesohlgh* wa* tha 
thunderstorm gust front. Figure* 7 and » from 
Fujlta (1911 and 1919 raspactivsly) rslata two 
important points concerning this phenomena. 
Figure 7 Illustrates tha development of the 
masoscal* high praseur* system and showy that tha 
praaaur* surge llna Is at the leading adge of the 
masohlgh. Figure B Illustrates the change In 
vertical temperature and moisture distribution 
within tha cold done produced by oubsidanc* altar 
the passage cf tha thunderstorm system. This 
subsidence of the cold dome la dua to the cold 
dome’s greater hydrostatic pressure, which causes 
it to alnk aod spread outward In an attempt to 
reach aqulllbrlum with its surrounding 
• nvl ronmant . 

It was Purdom (1973) who first pointed out 
that In satellite Imagery, tha leading edge of tha 
maso-hlgh appears as so arc-shspcd line of 
convactlva cloud* moving out from a dissipating 
thunderstorm area. Tha arc-shaped cloud line is 
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Fig. 7. Prom Fujlta 1933 Illustrating the 
importance of raln-coolad air in the production of 

the ueeoscal* high pressure system. 
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Mg. B. From Fujlta 19)9 Illustrating ths 
laportan.e ol subsldanct within tha cola doaa, 
altar tha pasaaga of tna thundaratora system, 
which laads to claarlng In that raglon. 


~lg. 9. Photograph taken froa a aannad spacacraft 
of thundaratora activity and rasultant claarlng 
within tha cold doaa. 
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uoraally coapoaad of cuaulus, cuaulus congastus, circular claar raglon: thla would ba dua to 

or ctauloolmbua clouds. Latar Purdoa (1979; was aubaldanca within tha cold doaa. Figura 10 ahowa 


to introduce tha concept of 'convective scale the characteristic appearance of arc cloud Host 
Interaction* due to arc cloud lioaa and discuss In satellite iaagery. Figure 11, la a aaaoacala 

Its rola In controlling tna development and analysls/nephanalysla In which tha arc cloud lines 


evolution of deep coovactloo. Thla la dlacueaed In Figura 10 wars analysed with tha aid ol 

further In tha nest section. 15 minute Interval satellite Images. In this 

Figura 9 la a photograph of an arc cloud line case, Interaction between tha arc cloud and 

taken from a manned spacecraft, hots the large frontal boundary In Oklahoma produced a large 








rig. 12. Thraa paoal (lgura allowing CUkl-kast vlalbla laaga for 132U Cal, 
JO July 19BU (loft), an analyst* of tha laaga (alddle) and radar acho aovaaanta 
caotarad oo lboo Ckl (right). Tha larga thunderatom gaaaratad at tha saa 
braata aod arc cloud Uoa aargar propagated (cootlnuoualy ragaoaratad) along tha 
aovlng lotaraactloo of tnoaa two boundarlaa. 


ORIGIN M P 


/ * V' 


arcs 


braata front 


aavara thundarstsra (saa Purdoa, ly«J). Plgura 12 
la another eaaaplo of an arc cloud llna aa 
detected la <OkS laegery. la this case 

lntaractloo of an arc cloud and saa braata front 
In Taaaa produced a larga thuodaratora (Zehr, 
19d2). Tha thuodaratora generated at that 

lotaraactloo oovao to tha west, while other 
thunderetoraa le tha area aoved to tha south. Two 
laportaot points to consider whan asaololng thee* 
figures ara: 1) the "anomalous" oovaaant of tha 

acho at tha aaa braata/arc cloud junction - this 
can be explained by continuous ragaoeratloo along 
that aovlng lotaraactloo; aod 1) tha arc cloud 
lines shown la tha satellite laaga wars not 
detected by radar. 

b.2. Convective scale Interaction 

NLSD1S and NASA, recognising tha laportaoca 
of geostationary satellite data In undarstaodl og 
coovactlva davalopaant, have operated tha Cuts 
systaa In a special rapid Interval (3 to 3 aloute) 
Inaging aoda on aalactad days during coovactlva 
seasons alnca 1971. Thoaa unique data acts have 
allowed observations of coovactlva behavior at 
tcaporal aod spatial resolutions coapatlble with 
tna scale of tha physical nachanlsaa responsible 
for triggering deep and Intense coovactlva atoms. 
Movie fill strip analyses of those data show that 
convective scale lntaractloo la of prlnary 
laportaoca In deteralolog tha davalopaant aod 
evolution of deep convection (Bohan, 1981). This 
lntaractloo nanlfaata itaalf as tha aarger and 
lnteriactloo of tliunda ra tone-produced arc cloud 
Unas with other coovactlva lines, araaa aod 
boundaries (Purdoa, 1979 Pertinent conclusions 
can be suamarliad as follows! 

1. Thunders tom-produced outflow boundarlaa 
(arc clouds) ara of prlnary laportaoca In 
cue fornatloo ami nalntananca of strong 
convection; 

2. Outflow boundaries nay nalntalo their 
Identity as arc clouds for several hours 
after tha coovactlva array that produced 
then has dissipated; 

3. Deep coovactlva davalopaant along ao arc 
cloud line la a selective process - 
highly favored where two area lotarsact 
or where an arc novas Into a coovactlvely 
unstable region; aod 


4. In a waaAly forcad atmosphere, arc 
boundary Interactions determine tha 

location of tha majority of new 

thunderatom* by tha and of tha day. 

The coovactlva scale Interaction process la 
fundamental In tha evolution and nalntananca of 
deep coovactlva activl ty-untll recently. It waa 
only observed by satellite. In fact, thundarstom 
evolution that appears aa a random process using 
conventional tadar la often observed to be wall 
ordered when viewed lo tlna lapse using satellite 
Imagery. 

Since this earlier work of Purdoa numerous 
laveatlgetcrs have begun to study tha affects of 
outflow on naw atom genaratloo. Achtaaelsr 
( 198 J) In studying tha relationship batwaan tha 
surface wind field aod coovecllve precipitation in 
Missouri found, 

tha preferred area for naw call 

davalopaant ware In agreement with the 
findings of Purdoa ... eight of the 
fourteen rain calls related to gust 
fronts formed at tha lotaraactloo of 
gust fronts, or at tha lotaraactloo of 
gust fronts with network seals 

convarganca cones. 

holla and Malar (1980) traced two outflows across 
tha PACk meaonatwork and found an Intense 

thundarstom with a weak tornado formed at thalr 
lotaraactloo. Droagemalar and Wllhelnson (1983) 
ara currently using tha 30 cloud modal to study 
tha coovactlva acala Interaction phenomena. 

Plgura 1J la an adaptation f run Droagemalar and 
Wllhalnsoo (1983), aod shows thalr results using a 
thraa dimensional numerical cloud modal to study 
thunderatom outflow collision with a coovactlva 
cloud line. In that simulation may found a deep 
coovactlva cloud with naxlaum vertical motions on 
tha order of 19 ms* 1 2 3 developed where tha outflow 
Interacted with tha couvectlve cloud llna. They 
noted that such coovactlva acala Interaction waa 
not observed In tha simulation where tha outflow 
aovad Into clear regions. Coovactlva scale 
Interaction haa also racently bean observed by 
Ui lsoo (1984) using Doppler rad»r data to 
Investigate new thundarstom generation at tha 
collision of two thundarstom outflows. 


Vertical 
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tig* 13' Adaptation of nuaetical modelling 
raaulta of thundaratora outflow collialon with a 
coovactiva cloud lloa, t rou Droegemeier and 
Wilhalaaoo' 


6.3. Coovactiva rainfall ur.dar wea k eynoptic 
acala forcing 

Ualng COtS aatallita imagery, Purdoa and 
narcua (1962) claaaltlad coovactiva davalopaant 
over tha aouthaaat unltad Statoa. Thalr raaulta, 
figure 14, a how that whan tha moat intanaa 
convection hae developed, the doal nan l genaratlon 
aecnanlea la coovactiva acala interaction' The 
raaulta of Purdoa and Marcue have been extended to 
Include rainfall over the aouthaaat during the 
atudy period. figure 13 ahowa the emulative 
aaount of rainfall (oornalitad) by hour for all 
hourly rainfall recording stationa in the atudy 
areal notice the dominance of arc generated 
rainfall. During the atudy period no aeaoacale 
convective coaplexaa (Maddox, I960) moved through 
the atudy area. 

6.4. Tne atructure of arc cloud llnaa 

The character of arc cloud llnaa haa been the 
aubject of direct aircraft aeaaurcmente (Sinclair 
4 Purdoa, 1962, 1964). The purpoaa of thoee 

fllghte waa to gain knowledge concerning the 
dynamic and thermodynamic characterlatlca of arc 
cloud llnaa aa they relate to future coovactiva 
development (including tornedic atora formation), 
riighta were made in the aubcloud layer above the 
denaity aurge line, DSL (Sinclair 4 Purdoa 1962), 
aa well aa through the DSL (Sinclair 4 Purdam, 
1964). keaulta from the aircraft obaervatlona , 



fig' 14. Dlatrlbutlon of convective generation 
oeclianlama duo to arc cloudllnea (merger and 
interaction) and other mechanlaaa (local 
forcing)' 



fig. 13. Rainfall distributed by aechanlam for 
t>:e atudy period in fig' 14. 
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•horn schematically la Figure la, point to tho 
Input (soca of arc cloud llaaa la tha production of 
both vortlclty a ad convergence. Fu'fhamoie, It 
was found that tha lataral aatant of tno vertical 
notion 1 laid along tha arc coaparad to that ot tha 
cloud acala ludlcataa that tha aala driving forca 
for Initial cloud development aloof tha arc lloa 
la rootrollad by thui.oeratou outfluw(e) 
interacting with tha convactlvoly uoatabla alt of 
tha environment. In* individual cumulus cloud 
acala aotlona aloof tha arc lloa can than ba 
vlauallaad aa balog auparlapoaad on thla aoaawnat 
largar acala. Initiating procaaa. 





Fig. lb. Schamatic flluatratloo of arc cloud line 
feature* aa datlvad f ran aircraft penetrationa. 


Arc cloud linaa and thalr aaaoclatad uSL 
region can poaa extreme haxarda to aircraft 
operation*. On* of aaveral critical nituatlona 
night Involve an arc cloud line approaching the 
and of an airport runway with lta parent 
thundaratorn 1) to 20 ka away. An aircraft In a 
landing pattern night cl rcunnavlgat* tha 
thundaratorn and than daacand through the top of 
the DSL. If the outflow la atrong, a tailwind of 
20 to 30 n/a or greater night auddenly bt 

encountered. Depending on aircraft apaed prior to 
lta daacaot, tha loaa of relative flow acroaa the 
wing In the OSL night caua* critical sink rate* 
which could load to an aircraft accident. On* 
enould b* aware that arc cloud line Interaction* 
war* In part raaponalbl* for the aircraft accident 
that clalnad 133 llvae in New Orlaana, Loulalana 
on July 9, 19(12 (Caracana, at al, 19b3). 

7. hesoscall convective systems 

7.1. Squall line davalopnant 

Generally, organized convergence line* that 
trigger atrong convection (auch aa front*, dry 
llnta or pra-frootal convective line*) ar* 
detectable In aatelllt* lnagary prior to daap 
convective davalopnant along than (Furdoa, 1976). 
An example of a frontal ayataa that develop* into 
a aeveie r qua 11 line la ahown in Figure 17. Early 
equal 1 line davalopnant* of thla type ar* 

routinely detected In CobS Lnagary prior to daap 
convective davalopnant on then and thalr being 
detected by radar. In thl* caaa a Pacific front 
which extended f roo eaatarn South Dakota and 
Mabraaka Into central Kansas developed Into a line 
of aavara tbundaratorna a* It novad Into hlnneaota 


and Iowa latar in the day. hoar the tine of tha 
lataat Image anown In Figure 17, large hall and 
funnel cloud* war* reported In South Dakota, a 
tornado Injured ala peopl* lo KJnuaaota, and a 
weak tornado wa* reported in Iowa. Latar lo tha 
evenly, a lx people war* Injured and on* wa* 
killed by tornado activity InHionaeota, aavara 
wind* war* reported la Iowa, and the thundaratorn* 
In rauttal Kanaa* had numerous funnel report*, on* 
confirmed tornado and aaveral report* of hall. 

7.2. Heaoacal* convective complex** 

While aquell line* generally form under 
condition* of noderat* to atrong aynoptlc acala 
forcing, a different type of highly orgaalted 
neaoacal* convective ayataa which torn* under 
condition* of weak aynoptlc scale forcing haa been 
reci-uly documented by Maddox (1980). Tbla 
Important cl*** of aprlng and auamartlm* 
convective weather ayataa, which occur* noat often 
over the central United btate* during the late 
evening and nlghttla* hour* haa been given the 
naa.e Maswacai* Convective Complex (MCC). The 
HCC'a appear to W a convectlveiy driven weather 
ayetea - thelt dynamic* ar* not well underatood 
although they appear to have many character) atica 
alnllar to thoa* of tropical coovectlv* ayataa*. 
HCC'a have been obaerved to interact with and 
modify the larger acal* environment in which they 
ar* embedded. Sy Influencing the larger acal* 
environment they affect downatraaa weather long 
after thalr demla*. 

Aa with arc cloud line*, HCC'a were not 
recopnixed prior to obaarvatlona afforded by CUES. 
Table 1, from Maddox (I960) describe* the phyalcal 
characteriatlc* of an HCC baaed on aatelllt* 
Infrared Imagery analyst*. Figure 18 ehow* Un- 
characteristic appaaranc* of an HCC lo aatalllt* 


Table 1. Hesoacalr Convective Complex (HCC) 
(baaed upon aoalyaeu of enhanced IS aatelllt* 

imagery) 


Physical characteriatlc* 

Six* : 

A - Cloud shield with continuously 
low IS tenners Cure < -32 C 
nuat have an area > 10U,UUO km 
• - Interior cold cloud region with 
temperature <,-32 C must have 
an area > 307uu0 ka 

Initiate: 

Six* definition* A and b ar* flral 
aatlaflad 

Duration: 

Six* definitions A and B must be 
net for a period > 6 h 

Hflilaua 

cat tnt : 

Contiguous cold cloud ahlald 
(IK teaperatur* < -32 C) 
reaches naxlnum six* 

Shape: 

Eccentricity (minor axis/ major 

axis) > 0.7 at tine of maximum 
extent 

Term! nate: 

Six* definitions A and b uo longer 
aatlsf led 



I 




Fig* 17* OotS-taat 1 U visible lai|ti, 14 Jun* 1976 at 1900 GMT, 2000 GMT, 
2200 GMT and 2100 GMT ; a typical example of equall 


Imagery. It should be noted that HCC'a produce 
•ueb oi the beoaficlal rainfall that occure over 
the caotral plain* of the U,S, however, they arc 
alao noted to be prolific producer* of aevarc 
weathar. In fact, Maddox (I960) ahowa that for 
the 43 HCC'a that occur rad In the 1978 convective 
aeaeon there were 17 caaea with flooding and/or 
heavy rain, 17 caaea with torn ad oca , 21 caaea with 
aavere wind, 22 caaea with hall - only 8 of the 
43 caaea had no aevere weather reported. 
Twenty five death* and over 133 lnjurle* were 
attributed to the weathar aaaoclated with 9 of the 
aevere HCC'a. 

r 


line developaant. 


6- ISOLATION OF SEVERE CONVtCTIVt SToMMS USING 
V1S18LE IMAGERY 

8.1. Squall line boundary Interaction 

Aa ahown In the previou* aection, organired 
convergence line* that trigger atrong convection 
(dry line*, front*, etc.) are detectable In GOES 
inagery prior to deep convection forming on then. 
■Under proper dynamic forcing when the 
thunderatorn* that torn along auch line* lntaract 
with other boundaric* aevere atom* develop 
(Miller, 1972). For example, on Hay 6, 1973, 
atrong tornado activity that began In nr rtheaat 
Nebraska developed aoutheaatward into the Omaha 
area along a aqunll line and warm frontal 
Interaction. Figure 19 ahowa how theae feature* 
a* identified In aatelllte imagery could be 
tracked during the outbreak. The developing 
ttquall line appeared aa an organired line of 
convective cloud* along a aurfaca wlndahlft line 
aeparatlng molat and dry air. The warm frontal 
boundary appeared aa another organired line of 
convection aeparatlng warm molat air embedded In 
aoutherly flow from allghtly cooler and drier air 
in aoutheaaterly to aaaterly flow. Other due* 
helpful In the preclae location of the warm 
frontal boundary may be found by Inspecting the 
change In cloud type acroaa It (cmulus veraus 
atratua), aa wall aa through cloud track wind*. 


Fig. 18. Gokb-kaat enhanced Infrared Image of a 
typical meaoacale convective complex over the 
central United State* on 22 Jun* 1981 at 1300 CHT . 


8.2. The Importance of prior convective 
acti vity In aevere atorm development 

Arc cloud* and their convective acal* 
Interaction* are a natural part of th* convective 
cloud geneala and evolution proceaa. They occur 
anywhere and, becaua* of the atrong vortirlty and 
convergence that they produce, are often 
aaaoclated with aevere thunderatona development. 
An extreme example wa* th* aevere atorm aaaoclated 
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Fig • IV. Flva panal llgura a howl na GUIS I nag try 
tor • Hay 197), tha day of tha uaaha tornado, 
lllW GMT lisage (uppar laf t), 2 1U0 IMI laaga (upper 
right)* An analyala of algnlflcant faaturaa which 
wara darlvad by coBololng Information from tha 
aurfaca obaarvatlona and cloud pattarna shown In 
tha GOES Imagary ara praaantad lamadlataly balow 
thalr raapactlva COES images. Mots tha 

ralatlonahlp, shown In tha final panel, relating 
tornado locatlona to tha path of Barging batwasn 
tha squall line and warm frontal boundary. For 
mora Information aaa the teat. 


ORIGINAL Pi 
OF POOR QUALITY 


Magnet FA+ 

_ V, 

tornado——^ \ 



Iowa A 

/ \^ V , 

•kina FJ ^ 

/ 

/ tornado 

Path of 

IK — Omaha F4 tornado 

Merging 

TA 

1800 - 2100 CMT 












OR'c r/AL PAG 
OF POOR QUALIT 1 


with IM moat <Mtiucil«< tornado In Wyoming 
hietory (P«m*r * klckey , |Hu) ( li|ur« 20 1* • 
iitilllii view el tbe MMiuli convective 
idvIiudmM prior to the Chicago tornado** ol June 
IS, 197b. lornadl c activity began abort ly altar 
l ha weal to aaal oriented arc ri ud Una aoulh ol 
Lake Michigan moved north and interacted with tha 
atom ovar tha Chicago araal kacaat nodal log 
allorta (klamp g kotuono, Ifbl) aopport thaaa 
obaarvatlona Iron eatelllta Imagery oa tha 

Inportaaca ol arc clout line* (outflow) In 
producing tornadooai 

Wo aophaalia that irlthln tha 

alaulatlou, largo poaltlvo vortlclty 
dooa not ftrat develop at nldlcvola and 
than dorcand within tha atorn to tha 
ground; rather, atrong vertical 
vortlclty la generated at low lovala In 
reaponee to tha Incraaaad convergence. 

arc cloud llnaa are not tha only aatelllto 
Indicator of pravloua convection. Figure 21 la a 
good amaapla o' how aatalllta Imagery nay be uaad 
to Identify a traneltlon tone between an one table 
almaei and a nora atal-la naaoacala alrnaac 
gaueratad by ealller thundaratorn activity. In 
that figure, note the ciaulua clowdlnaaa at A and 
tha wave cloud dominated air at k. noth are low- 
level cloud featured • In thla particular caae tha 
wave donlnatad air had baan etabllltod by early 
nornlng thundaratorna In the area. The low-level 
air naea bound try that aalatad between thaaa waved 
and cunulua utreeta waa Inatriaental to tha 
development of toraadlc atorma upon Intaractlon 
with a cold frontal acne 

Ine importance ol prior convection la dotting 
the etage for tornadtc atorn activity waa vividly 



Fig. 20a. COtb-taet 1 la vlaibla Image, 
11 June 197b at 220 GMT. 


demo oa l rated by a etern ayatem that moved through 
the aoutheaatern united btatea on harch 2b, Ivaa 
(Pureom, ltd*). Thunaeretorm activity that had 
novad through tha area during the early morning 
houra produced a wa 1 1-del I aed outllow boundaiy 
which eateoded woetwera from aouth Carolina acroaa 
Georgia and Into Alabama. Thla bound* ly moved 
alowly northeaatward during the day, and hy 
lilU Pm liT, waa evidaat In aatalllta Imagery aa a 
Una ol organltad cunulua o^aatua clouda 
attending acroaa bouth Carolina la'.o 

borth Carolina, Figure 22. The large atorn io 
aortheaet Georgia Ilea at tha Junction of the 
roovergence boundary and a auoaynoptlc low. That 
atorn daveloped into a largo auper cell which 
tracked eaat-n»rtheaat along the boundary 
producing moat of the Intenaa biller tornado 
activity, Figure f. ;»** alao Figure 21). 

It la Intareating to note that for both 
March 27th and doth atrong aynoptlc acale forcing 
aot the atage for aevere atorn development. 
Mowevor, the major meteorological difference 
between the doth, (a long track tornadtc auper 
cell producing killer tornadoea) and the 27th 
(numeroua reporta of aevere activity but no major 
tornadoea) waa the aalatence of a wall organlied 
low level convergence boundary and naaolow to help 
aupport the auper cell'a growth and development. 

k.i. Vertical wind ehear 

It la well known that vertical wind ahear 
piaya an important role In deteralnli« the 
character of atorn* that evolve io a meaoacale 
environment (newton, 19b3). Furthermore, recent 
numerical clouo modeling atudlea have anuwn the 
importance ol vertical wind ahaar In the formation 




Fig. 21a. COtS-laat 1 km vlaibla Image, 
2 May 1979 at 2030 GMT. 
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patterna fro* Fig, 
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ol retailor In growing thuodaretorma (klamp and 
Wlihaloaon, 1 We. blackmao, 1901). However, a 
aavara atora environment la oaa la which both tha 
dynamic and thermodynamic charac tar I at lea o! tha 
ataoaphara ara changing on aaaoacala epaca and 
t laa domaine. (lateral nation o f vertical wind 
ahaar In region* ol growing cuaulua cloud* ualng 
rapid acan aatelllia Imagery la a faaalbla aathod 
of atudylng aaaoacala variation* lo that paraaatar 
ovar larga area*. 

Altar thuoaaratorma have davalopad, anlaatloo 
of tha laagary aay ba dona ralatlaa to tlw 
thundaratora. lo auch caaaa, the flow* at 
dlltaraot lavala with raapact to tha atnra aay ba 
InapectaJ. Such a atudy waa undertaken for tha 
atora which oroducad tha Wichita Falla tornado on 
April 1U, IP I (Purdom, at al. 1904). A tftff- 
fcaat vl«w atora at Oil) PH CSI la ahown lo 

P'«,u*e 1* *lvig with tha ralatlva ilow darlvad 
lid* 9 travta lotarval wu-tait data at low, 
middle -ad high lovali with raapact to tha Wichita 
Falla atora, Flgura 2), alallar to flgura 24, 
ahowa tha atora ralatlva flow for tha 

20 March 19a4 auper call atora dlacuaaad lo tha 
pravloua aactioo. It la Intereating to nota how 
cloaaly thoaa ralatlva flowa compare to that 
propooad by browning (1904) fot aavara atoraa 
which travel to tha right of tna wind, and atora 
relative proximity Bounding* (Maddox, 197o). 

being abla to dlagooaa atora ralatlva flow haa 
Important Impllcatiooa for defining aaaoacala 
raglona that ara favorabla for tha production cf 
rotating atoraa and aavara weather. 



Fig. 24a. COtS-laai 1 Am wlalbla Image, 
11 April 1979 at 0014 GMT. 




Fig. 21. Patna of auper call which produced 
algnlficant tornadoea, and deatha aaaoclatad with 
thoaa tornadoea for 2 a March 19o4. 


0.4. uverahootlng tepa 

Ovarahootlng thundaratora tope aa detected In 
aatalllte vlelble laagary, and how they relate to 
aavara wather, continued to ba an area of active 
loveatlgatlon. tarly work In thla araa waa dona 
by Pearl (197*) and Fu.)lte, at al, (197b) lo which 
photographa of ovarahootlng top* taken from Lear 
Jeta were correlated with ovarahootlng tope aa 
detected in aatelllta Imagery and aavara weather. 
Paarl'e atudy uaad ATb data, while Fujlta'a atudy 
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• w#t j tha higher resolution data available from 
kiO (G 04 .S/ tmlii (19*1) hae found almllar 
raauli* cor ilating aavara evemte with 
overshoot In* top*, using atarao measurement* of 
cloud top charartarlatic* obtalnad by combining 
COCt -boat and GOlS-Neat data. 

Ovarahoot ln( to.,* ara gararally associated 
with updraft region* that penatrat. wall aoove tha 
aqul librl ua level at daflnad by tha top portion of 
t ha spreading thunderstorm anvil. Uhlla 

overshooting top* at" of tan aaaoclatad with 

lotaoa* convaetlon, there la on* aarlou* 
Imitation In uaiag than aa etorm lotanalty 
InClcatotat thay art ooly datactabla for a law 
hour* In tha aarly morning or lata aftaroooo whan 
t.ia aun la low enough on tha horlaon for tha top* 
to caat ahadowa on tha underlying anvil. 

«. mKAAliJ lHAutKY 
y . 1 . enhancing Inlrarad Imagery 

Aa aubjactlv* lotarpr station of ranotaly 
aanaad data take* on lociaaaing loportanca In 
oovcaatlog, tha quaatioo of how to proaant that 
data for uaa by a foncattar become* significant, 
bat* I r jo. a a.ngla aanaor or combination of 
aanaort auat ba praaaotad au that Important 
faaturaa ara readily datactabla, while at the cam* 
tin* leaving other faaturaa In a resolvable .'ora. 
COES Infrared data provldea Information of rather 
coaraa apatlal rcaolutlon, high thermal 
resolution, and of a temporal revolution that may 
rang* ftom 3 minute Interval* to the normal 
30 minute lotervala. Whan GOES Infrared data ara 
etpanded for ulaplay over area* comparable to 
thoaa covered by a 1 ka. vlalbla raaolutloo image, 
or tha area covered by a radar, they appear blocky 
(figure 26). Depending on tha type thermal 

enhancement curve that la uaed , tha data may 
appear aa discontinuous, with aevaral degree* of a 
temperature range lumped Into the aame gray ahaoe, 
a* In Figure 26. both blocklneaa and Improper 
enhancement detract from ualng the GOES Infrarad 
data for meaoacale application*. In auch Imagea, 
the ragular-ahaped rectauglea and poor eohancemant 
may actually draw attention away from the 
Information In the lru, i. Thle la true for both 
a Ingle picture ecsjaoa) yala and for viewing the 
Imagery to animation. With thoae tl.oue.i ta io mini 
Purdom and Vonder Hear (1903; developed a product 
to (1) deblock the dots while Improving Ita 
apatlal raaolutloo, and (2) preaent temperature 
value* In a ccntlnuoua, eaaily dlacernlble form 
through aelectlve color enhancement of the 
Infrared data. The deblocking of the infrared 
data affectively contour* the Imagery at 1.0 C 
lotervala. When color enhancement la uaed with 
the deblocked Image, the reaultaot Image (final 
product) appear* with diatloct, but cootlououa, 
1.0 C interval ahaoe a of color, Eaamplea of the 
final product are ahowo lo Figure* 27 (aame etorw 
a* Figure 26), 26, aud 32. Nor* In thoao figure* 
that the Improved Infrared lawge appear* aa on* 
might expect a croud feature* to appear, amooth 
and cootlououa - not llocky. 

9.2. Combining infrared Imapery and radar |g* r 

data 

For eleoat the paat forty year*, radar 
reflectivity haa been the norm for remotely 
aaaeaalng a thunder* tor®’ a lntenalty, while COLS 
lnfrarad data'* uae In that area ha* yet to a pan a 


gated*. How do the two data aet* relate io the 
area of alarm lotanalty aaaaaamentT both 
eatelli t* and radar data have Important role* to 
play In that area. bat el lit* data provide 

Inlormalloo on cloud top mean vertical growth 
rat**, cloud top temperature and aovll expansion 
rate* to help ****** norm lotanalty, wnlls 
conventional radar data provide Information about 
reflectivity and volumetric echo proparti** and 
tnalr change* lo tliaa. 

The utility of aatalllt* and radar data in 
thunde ratorm analyala naa been the subject of 
limJ lad inveatigatioo. Negri and Adler (lvbl) 
found that the location of satellite defined 
thunderatorma crioclded with radar echo location* 
and that radar reflectivity correlated with 
aatelllt* baaed eatlmate* of lntenalty. Similar 
revolt* were found concerning aatelllt* defined 
thunderatora topa and thoae dafload by radar oy 
Furdom, Green aud Farmer (IVef), aod Green and 
Parker (1903). 

The question of how to prevent the two 
product* to a uaer for weseacal* application* 

cootloue* to be an intareatlDg area for 

Inveatigatioo. keynoid* and Smith (1979) 

demonatrated the concept of a compoalte radar and 
satellltu dlaplay to atudy never* atom 

development aod convective talnfall. Green and 
Parker (1903) uaed the Improved product deacrlbed 
in the praviou* aectloo lo develop a compoalte 
aatelllt* lof rared/doppler radar Image for the 
purpoae of evaluating radar echo change* lo time 
aa they relate to Infrared cloud top behavior. 
That auch an effort la not a trivial problem can 

be aeao by inapectlon of figure 27. Notice how 

the atrong echo return at upper level* for the 
16* kill acao match** the Infrared cold top region, 
wnile for the 136 khl acao ft doe* not. Thla la 
aminly bacaua* of the vertical atructur* of the 
radar echo. Since vertical wind ahear varied 
conalderably from one type meteorological 
thunderatorm regime to another, that Information 
ahould be taken into account when aatelllt* and 
radar data are combined. Furthermore It 1* better 
to combine Int imation concerning the vertical 
atructui* of the radar echo with cloud top 
information thao to uac radar Information from 
only a elngl* level. 

Figure 20, la a 1 end 13 ka radar CAP PI acan 
(green and browo) mapped a* a tranapareocy on a 
aatelllt* infrared cloud top temperature field. 
Notice how the 1 C iaotherm contour* can be 
followed through the echo. Thla caa* haa been 
atudlad ualng 3 minute Interval improved GOES 
Infrared data and A minute Interval CAPP1 acao 
data at elevation* from 1 ka to 17 km (Fujlta, 
1902; Greco 6 Farmer, 1903). Among the 
lotereatlog finding* from thoae atudlaa were: 

1) When atorme are forming lo a line, with one 
etorm downwind from another, the downwind 
atom cloud top temperature may appear warmer 
than It ahould due to wake clrru* maaklng. 
Furthermore, to be able to accurately follow 
the evolution of theae topa aoo to obaerve thi* 
maaklng require* aatelllt* Imagery at a 
frequency near 3 minutes. 

2) The coldest aatelllt* cloud top temperature lo 
an anvil may not neciiaaarlly overlie the low 
level core of hlgheac radar reflectivity. 
There may be Information In thla of fact 
concerning etorm aeverlty. 
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Fig. 26a. Normal COES-IR image with common black 
•nd white tenperature enhancement (curve Mb). 


Fig. 25. CGES-East 1 km visible image, 
«B March 1964 at 2145 CNT showing atom relative 
flow at low (l), mid (H) and high (U) levels as 
well as -46 C Isotherm divergence within anvil 
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Fig. 2ob. Storm In Fig. 26a, but with color 
temperature enhancement. 
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Isotherm 'contour^for !£?£ ,K ^ 1 ® ^ ^ ““ «“ « »■ <« •»» In Fig. 27. 
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Fig. 27c. RH1 scan at 164 for storm 
in Fig. 27a. 



Satellite and radar composite for 
23U3 GMT, 2 May 197k, (1 km and 15 km CAPP1). 
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3) Id measuring cloud top growth characteristic* 
using •atolllto Ulittid data, ooa auat ba 
•war* that clrrua •aaalnd may aati raaulta laaa 
•ccurata lor cartalo stoma. Furthermore, ooa 
can use CArrl displays to help loaur* that tha 
corract 1 at rax ad anvil araa la being Bate had 
with tha corract echo. 

a) Tha horse* noe cold ridge, or *V notch* obaarvad 
Id aatalllt* Inlrarad imagery la an Indicator 
ol lntaoaa local convactloo. Stoma whose 
•ovlla aahlblt that charactariatlc should ba 
cloaaly monitored for aavar* waathar. 

At tha 1 1 Be r.l tha image lo Figure achoaa A 

and b had merged at low lavala wblla acho t waa 
developing rapidly. The Lahona tornado (F* 
lotaoalty) had Just aodad lo acho A and tna 
tauuai a o own burst waa about to baglo, while tha 
Orlaata tornado (F* Inlanalty) waa about to 
dlaalpata In acho A, 

9.3. Cluaa In Infrared iBagery for aavara 
T T ' JW T Te ~ c f II r dfMbfi "* — 

Since tha aarllaat day* of geostationary 
aataorologlcal aatallltaa, aaaauraBenta of a 
variety of cloud top properties have been node la 

• ttaapta to dlagnoaa atom aavarlty. Ualng ATS 

Inagary , blkdar, at al, (197u) and Purdoa (1971) 
related thundaratora anvil growtn rate* to tha 
occurrence of aavar* weather. Thoaa raaulta 
ahowad promise, however, further developments 
•waited tha arrival of GO r .S and Ita not a 

qu.ntli labia Infrared data. Ualng outs Inlrarad 
rapid acao data, Adlar and Fann (1977, 1979) 

correlated tha areal aKpaoaion rata of laothama 
colder than tha tropopauaa for aavara atom 
occurrence. Figure 29, froa Adlar and Fann 

(1977), indicate* tha rapidly growing nature of a 
aavara atom at Mllaa City, KT that produced wind* 
of over HO knot* and 2-lnch hall. Along a alallar 
vain, Fryor (197a) performed a detailed atudy 
ualng rapid acan Outs Inlrarad data to coapara 
aavar* avanta with cloud top taperaturaa which 
were colder than the anvl romeotal tropopauac 
temperature . In that atudy, Fryot found only 
thoae thunderstorm* with uOtS Inlrarad cloud top 
temperatures colder than the tropopauac produced 

• avert weather. In a alallar study, keynolda 
(1979) found a positive relationship between the 
occurrence of hall and Inlrarad tops colder than 
tha tropopauac. 

Fujlta (197b) dlacuaaad charactariatlc* ot 
anvil top* of aavara Stott* baaed on the pattern 
of equivalent black body tmparature as shown In 
enhanced CUES Inlrarad Imagery. The algnatur* 
appear* •• a cold "V* shape In the anvil top, with 
marked downstream warning fro* tha center of tha 
"V* . Figure 30, from Fujlta, (19bl), anowa a 
da tailed analysis of COES Infrared data for tha 

• tom that produced tha Grand Island, hb tornad >ea 

• not* tha cold "V* (‘horseshoe ridge*), tha 
lntenae overshooting cold tops, and the downstream 
warn region (‘wake*). This type anvil signature 
has alao bean documented by Reynold* (1979/ lor 
aavara nail atoms. Using operational CUES data, 
McCann (19U1) has shown a good correspondence 
between tha enhanced *V‘ notch signature and 
aavara weather. 

Weaver and Furdom (1903) performed an 
extensive case study analysis of an Intense 
tornadlc atom outbreak ualng 3 minute Interval 
Cuts visible and enhanced Infrared Imagery. 
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Figures 31 and 32 ara from that study. Inspection 
ol tha visible Imagery (figure 31) reveals two 
overshooting tops In tna thunderstorm complex in 
southwestern Oklahoma. Alao not* that In the 
Infrared data (figure 32), tna regions Identified 
as oversnooting topa each has an asaoclatac cold 
top. At this Image time the minimum temperature 
observed (aame for both topa) waa -b9 C, while tna 
tropopauaa temperature waa estimated at -o2 C. An 
Intaraatlng feature noted in the character of the 
overshooting tops la a displacement between tha 
position of the overshooting top oo visible 
Imagery varaua the locatioo of the cold top on 
Inlrarad. In nearly avary case the cold top was 
found to ba slightly upwind from tha overshooting 
top. 



Fig. 29. Temporal variation of the number of 
pUela enclosed by the given laotherm for 
temperature* colder than the anvl roomental 
tropopauaa for 18 July 1978. 
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at 1702 GHT. 
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ID* overshooting top region associated with 
stor* A had been svldant on aatelllte laegsry avso 
balors the atora aovsd Into Oklahoma. The top 
frost atora k appsarad at 221* CHT and laasdlately 
bsgso aovtog northward while l ha otnar top M>v*d 
northeast. The two tops aargsd at roughly 

22ii CHI, approximately JU alnutse after ths lower 
portions of ths two were observed to Bergs by 
radar. Satellite data ahcwftd an updralt 

Intensification (1.*., a 2 C dacraaee In cold top 
tMperature) following the atora top Berger. This 
taaporary Intensification would have increased the 
pre-existing vorticlty aaeocieted with the updraft 
through stretching. It was shortly after the 
overshooting top Berger that tornadlc activity 
began froa these stones. Downwind f ran atom tope 
A and b is a well defined warming with a cold *V* 
surrounding the wera wake. Such a algnstura la 
also evident with the store In the upper part of 
the picture (in the east Central Teaae paohaodle)i 
that atora aleo produced tornadlc activity. While 
the *V* notch signature la a good positive 
Indicator of aevere atora activity it la not 
always pi esent wneo tornadlc etoras are In being - 
such wee the case for much of the early tornadlc 
store activity for ths March 28, 190* outbreak 
prevloualy discussed. 

ID. SATELLITE SOUNDING lNPubMAUGN PDA ME bo SCALE 
CONVECTIVE APPLICATIONS 

Sounding Information froa GOLb/VAS can detect 
snail and significant teaporal variationa In 
atmospheric taaparsture and aoleture (Salth, at 
al, 1981). The sounder on GOES/VAS has seven CO 
channels, three water vapor channels and two 
winnow channels; Instrument characteristics that 
relate to vertical reaolutlon are shown In Tabla 2 
froa Zehr and Green (19b*). 

COEs/VAS can be operated In one of three 
modes: 1) a normal VISSk aodc as with GOES; b) a 

dwell soundly node which uses all ox most of the 
sounder channels; and c) a multlspactral lnaglc« 
node In which VISSk data plus one or two 


additional VAS channels are sampled. It should be 
real I tad that the three possible aoaee of 
operation ars not independent; when the satellite 
la operated in one node data froa the other aodst 
are not available. Data from the various VAb 
channels aay be viewed Individually or cuablnsd to 
produce aeeoecale soundings. both have 
applicability for aeaoecele convective 
applications. 

10.1. Hesoscals aoleture Information 

The aoleture structure of the ataoephere, 
both In the horltontal and vertical, has long been 
known to be an Important factor in atora 
development (Doswell 4 Lemon, 1979)t significant 
variance exist* within the aeeoecale range below 
1UU to 2UU am. Using sounding Inforaatlon from 
polar orbiting satellite*, klllgsr and Vondsr Hear 
(1V7V, 1 vdl j were able to extract aoiatur* 
Intonation at a auch finer resolution than we* 
aval labia using conventional data sources. 
Although GOES-VAS Is still In the evaluation phase 
(the eyeten will bacoae operational in aid-190b) 
elmllur result* concerning aeeoecale aoleture 
distribution nave bean deaonstratad (Smith, et al, 
19S1 ; Petersen and Mustek , 19o2). 

There are three water vapor channels on GOES- 
VAb, table 2. The energy received In each of 
thoee channels Is a function of the amount of 
water vapor, Its distribution and teapsrature 
within a portion of a column In the ataoephere, as 
well as surface effects (except b.7 a) and cloud 
effaces. Except where there is significant low 
level water vapor, the Intonation In the 12.7 n 
band Is similar to the 11.2 a window. Because of 
that, an Interesting product aay be derived from 
the difference in energy between those two bands 
(12.7 a and 11.2 a). Th product, termed ‘split 
window' 1* designed to depict low level water 
vapor. According to Chaeters, at al (1982) 


Table 2. VAS Instrument Oiaracterlatlca 


VAS Inatnaent Characteristic* 





Weighting function 


Speer ral 

Cent ral 

Absorbing 

Peak Level 


Surface or Cloud 

Channel 

Us v* length (ua) 

Constituent 

(ab) 

Thickness (ab) 

Emission Effect 


I 

14.7 

C0 2 

40 

150-10 

usually none 

2 

14.3 

CO 2 

70 

200-30 

nothing below 300nb 

3 

14.2 

CO 7 

300 

500-10 

nothing below BOOnh 

4 

14.0 

C0 2 

430 

800-300 

weak 

5 

13.3 

C0 2 

930 

8FC-500 

moderate 

6 

4.3 

co 2 

830 

SfC-500 

moderate 

7 

12.7 

■ 20 

surface 

SFC-700 

strung 

8 

11.2 

window 

surf*-* 

— 

strong 

9 

7.2 

■ 2 o 

600 

800-400 

weak at afe 

10 

4.7 

■ 2 o 

430 

700-250 

nothing at afe 

11 

4.4 

CO] 

300 

800-100 

weak 

12 

3.9 

window 

surface 

— 

strong 


The VAS iplll window clearly 
differentiates thoae araaa la which 
water vapor extends over a deep layer 
and la sore able to aupport convective 
cel la froa thoae araaa In which the 
water vapor la coolloed to a ahallow 
layer and la therefore laaa able to 
aupport coovactlon. 

Ihla type product la vary uaaful over 1 and during 
the afternoon when there will be a large 
difference In l he signal between the apllt window 
channala. however, in the evening when the leitf 
temperature hae cooled (or over the ocean) the 
elgoal differential la enall and a meaningful 
product la difficult to aerive. 

The 6.7 a channel data (Figure lab) depict 
reglona of middle level nolature and clouds. 
Distinct pattarna of more molar and cooler araaa 
(bluea) and warmer and drier araaa (purplea) are 
readily detected. Tnaca featured are related to 
araaa of both eynoptlc and meeoecale advactlon and 
vertical motion. When viewed In time lapse, they 
exhibit excellent apatlal and temporal continuity. 
Strong barocllnic reglona auch aa jet atraaaa and 
vortlclty maxima can often be eaelly Identified In 
cloud free reglona by the aharp moiature gradient 
detected In the b.7 a Image (Anderson, at al, 
1982). 

Are there cluea In the 6.7 a data concerning 
a etorme ability to produce aevere weather? 
Figure 33 la a b.7 m water vapor Image for the 
atone ayatem of 28 March 19o4 provloualy 
addreeeed. Notice the dark region to the aouth of 
the atone ayatoe - the aid-level air In that 
region la very dry. Aa waa ahown previously, 
atom relative flow for thla caae la from the SSE 
at mi d-levele • Thla polnta to the likelihood of 

algnlf leant mid-level dry Intrualoo Into the atot^ 
ayataa. Such an Intrualoo of dry air could help 
fuel the a torn' a downdraft (outflow) and lncreaaa 
the poeelblllty of that atorrn producing tornado 
activity - a eort of forced dynamic/thermodynamic 
instability. It la intereating to note that the 
charac tarl at lc "V" notch at the thunderetorm top 
la detectable lo the 6.7 m Image. 

10.2. Thermal channel Imagery 

The aeven VAS thermal channela detect energy 
proportional to the mean temperature of a layer lo 
the atmoapnere If no clouda are preaent (refei to 
Table 2). Depending on cloud type. Information 
for certain of the channela may ba contaminated 
(Smith, et ml, 1981). Do theae channala contain 
Information concerning atmoapherlc atructure? 
That the anawer la *yes“ may ba verified by 
examining Figurea 34c-f . Tba araa covered by 
thoae channela la ahown In Figure 3aa, from the 
3.9 a channel. Figurea 34c-f ara from channala 
which receive their energy from progreaal vely 
higher levele lo the atmoaphere. lo thoaa imagea, 
mean layer temperature get progreaai vely colder aa 
one goea from yellow to red to blue. Notice the 
cloud contamination In all but the hlgheet 
(atratoapherlc) channel, and the reflection of 
eurface thermal characterlatica (Horn Figure 34a) 
lo the Information in channel 3 (930 mb), figure 
34c. The other three channela repreaeot the mean 
temperature in the tropoaphere (34d), centered 
near the tropopauac (34e), and In the etratoaphere 
(^4f). Note the revereal In the temperature 
gradient ahown In the VAS Imagery aa one movea 
from the tropoaphere to the atratoaphere . 


wore id currently unoervay wnicn cornel ue» 
various channela of VAS data In Image format to 
try and detact the development meaoacale atructure 
In the atmoaphere. In that work faaturea auch aa 
vortlclty maxima, Jet atraaka, thunderetorm 
complexes, etc. are etudied lo time lapse In a 
‘system’ relative wide similar to that dlacussed 
previously. kasulte look vary promising for 
detecting developing barocllnic reglous aa well aa 
Isolating meaoacale reglona of stronger vertical 
forcing. Such information will cartainly aid In 
helping to aolve a variety of meaoacale forecast 
problems. 

10.3. ketrlevala from VAS 

Initial research with GOtS-VAb data 
concentrated on deriving vertical profiles of 
temperature and moiature baaed on observed 
radiances. Detatla of the retrieval algorithms 
are given by Smith (198J). Since that Initial 
research, significant results have been achieved 
In deriving objective meaoacale convective 
toracaat parameters from VAS retrieval Information 
(Smith, at al, 1964). VAS derived products that 
are being provided In real-time to the national 
Severe Storm Forecast Center In Kansas U ty 
Includes 1) upper and lower level wind analyses 
derived from VAS thermal field gradient winds and 
cloud drift winds; 2) analyses of lifted Index; 
3) 830 an and 3ou mb temperature fields; 4) total 
preclpltal water; 3) a thermodynamic stability 
Index similar to a total totala index; and 6) a 
atatletical probability estimate of aevere weather 
presented at 80 km resolution, products 4 and 3 
are presented at the full 7 km CoLS/VAS resolution 
aa Image products. 

While combined products from Vas are a howl ng 
applicability for helping to diagnose the 
convective storm environment questions still must 
be answered concerning the utility of individual 
VAS soundings for auch analyses. Figure 33 la a 
uotS Image over the central USA In June of 1984; 
the niasoers within the Image give the location of 
selected VaS sounding* for tha tlue period Just 
pi lor to the time of the image. Notice that 
sounding 23 la representative of an alrmaaa 
modified by thunderstorm outflow (It la within the 
cold dome) while sounding 32 la lo air that has 
not experienced thunderstorm activity. VAS 

Bounding a at thoae two locations are presented lo 
figure 3b. Notice that although the VAS 
Information la praaented for rather thick layers, 
the general characterlatica one should expect are 
evident - that la a cooler and more stable low 
level alrmaaa at location 23 versus that at 
location 32. VAS sounding 63 la within the cooler 
air benlnd a slow moving cold front that la 
pushing westward across Kansas while VAS 

sounding 39 la In the more unstable air to its 
west. Theae soundings are presented In figure 37 i 
again the results appear as one should expect. 
Soundings similar to those presented here may be 
taken by VAS at hourly Intervale over cloud free 
areas ot Interest. Those eoundlnga contain 
Information on the atmosphere's thermal and 
moiature characterlatica at a apatlal and temporal 
resolution never before available. The question 
that currently lies before us la *how do we beat 
utilise thla Information?* 

Clouds have historically been viewed aa a 
source of contamination to satellite sounding 
data. However, work la now underway to try and 
add information in the cloudy reglona. In one 


» 


approach Information oo tho atmosphere's thermal 
and oolatura structure la being floe tuned 
accordion to the cloud type and atructura reveaJeo 
le Wt) visible aod lofrared Imagery. In a 
alailar approach (kmlth, at al, 19de) cloud drill 
vinos (ram the ‘cloud contaminated re|looe~ are 
helot blended with the thermal Iolormatloo from 
Vas to Improve rational acale analyses. 
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Fl|. lb. VAS aouodlat* at locatlona 23 (T and T ^ 
aolld lima) aod 32 (T aod T d daahad lineal In 

rig. 23. 
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Fig. 33. COES- We at 1 km vlalble lmat* . 

21 June 190* at 2313 CMT. buabera Indicate 
locatlona ol VAb soundings. 


11. CONCLUSIONS 

Tha Iolormatloo presented lo thla chapter has 
shown how certain cnaracterl atlca ol the 
ataoaphere cao be deduced Iron CGtS-VAS Bounding 
and Image data. Tha teoatatlooary aatalllte haa 
the unique abl 11 ty to Irequently observe the 
atmosphere (sounders) and Its cloud cover (vlalble 
and Infrared) Iron the synoptic acale down to the 
cloud acale. Thla ability to provide Irequent, 
uniformly calibrated data aata ovar a broad range 
of meteorological acalaa places the teoatatlooary 
satellite at the very heart of the understanding 
of meaoacale weather development. By combining 
satellite data with conventional data, many of the 
featurea Important lo meaoacale weather 
development and evolution may be batter analysed 
and understood. 

It la through thla Improved analysis and 
understanding that meaoacale forecasting will 
become a reality. 
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Fig. 37. VAS aouodlnga at locations 39 (T and T 
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